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ABSTRACT
The paper addresses the experimental investigation of the unit cell architecture in a structurally
stitched multilayer carbon-fibre preform. Each layer is a multiaxial multiply non-crimp fabric
(NCF) knit with a non-structural stitching. The term “structural” presumes here that the stitching
yarn does not only consolidate the plies (as the non-structural one does) but also forms a 3D
reinforcement. One stitching technique — tufting — is studied, with 120 tex aramide yarn. The
experimental data reveals a considerable irregularity of the piercing pattern and fibre distribution.
1. INTRODUCTION
A through-the-thickness stitching with a thin yarn is an effective way to improve the lay-
up of dry textiles or fibrous plies [1]. Also, if a relatively thick and firm yarn is used
(structural stitching), a considerable improvement is achieved in the fracture toughness,
in-plane shear, and out-of plane strength. However, the stitching process induces some
unwanted features; one of them is an uneven fibre placement in a ply around a stitch-
ing site [2]. These fiber-free (called “openings” below) and fiber-rich zones affect the
deformability of a preform [3], alter the resin infiltration [4], and increase the stress con-
centration [5, 6]. The stress field is also influenced by the stitching loop, which has a
complex shape and own uneven fibre distribution over the cross-section [2, 7].
The disadvantages are inherent both for the non-structural (thin yarn) and structural stitch-
ings. In the industry, a preform is often composed of several non-structurally stitched NCF
layers; then, the assembly is stitched structurally to improve the lay-up and interlaminar
properties. As a result, the final preform has a complex hierarchical (meso- and micro-)
structure. The meso-level (0.1–100 mm) includes the yarn loops (non-structural and struc-
tural), openings in the fibrous plies, gaps between the plies, etc. The micro-level (10–100
µm) embraces the variable fibre content in a ply and yarn. Then, an investigation is diffi-
cult due to a bulk of parameters (stitching method/speed, distance between stitches/seams,
dimension of the needle, properties of the preform/yarn, yarn tension, etc.). Moreover, the
local geometry is changed again when the preform is shaped in an RTM-like process. The
modelling is thus sophisticated and case-dependent, and a broad experience is wanted.
The present paper aims at the geometrical characterization of one of basic types of the
stitching textile reinforcement — tufting of a multi-layer fibrous mat. A layer is a multi-
axial multiply NCF knit with a non-structural stitching. The study focuses on the piercing
pattern and uneven fibre distribution in/between the plies/yarns; a complete yarn loop
geometry is not considered. Experimental data (mean values and standard deviations) is
presented and discussed, although the analysis is based on a limited evidence.
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Figure 1: Face (left) and back (right) surfaces of the NCF material.
2. MANUFACTURING
2.1. Materials
Triaxial (+45◦, 0◦, -45◦) HS Tenax HTS5631 carbon fibre NCF was used. The fabric was
composed of 2 equal outer ±45◦ plies with the areal weight of 223 g/m2, made of 12 K
tows, and a relatively heavy inner ply (465 g/m2, 24 K). The plies were knit together using
4.8 tex polyester yarn in the plain chain pattern with 2.7 mm stitching length and 5 mm
distance between the seams, Fig. 1. The areal weight of the non-structural stitching was
4 g/m2. Three layers of the NCF were put in a pile having the total thickness of ≈3.5 mm
that gave the average fibre volume fraction of ≈40%. The layup direction was equal for
every ply, i.e. a transversely orthotropic antisymmetric [+45,0,–45]3 construction was
produced. Since the pile could easy be distorted, its boundary was sewed.
Kevlar yarn with the linear density of 120 tex was used for the structural stitching. The
yarn was twisted in the S-direction of 3 equal strands (≈270 filaments per a strand).
2.2. Structural stitching
The one-side tufting was performed with the KL RS 522 stitching head and programmable
KUKA-robot. The largest rectangular cross-section of a hollow needle had the dimension
of 2.1×1.5 mm. Substrate for the preform was made of numerous thin-wall plastic tubes
standing close together, like a brush. The needle brought the yarn into the preform verti-
cally, formed a loop at the reversal point, and then went back; the yarn stayed inside the
preform due to a friction, Fig. 2. The yarn tension was held to be minimal in order to
avoid an unnecessary distortion of the preform.
Three square stitching patterns of 3×3, 5×5, and 7×7 mm were chosen in order to in-
vestigate the influence of the stitching length, B0, on the imperfections formation in the
preform. The stitching was executed with the machine direction (MD) that was perpen-
dicular to the MD of the non-structural stitching in the NCF, i.e. in the vertical direction
in Fig. 1. Typical surface images of the stitched assembly are shown in Fig. 2.
2.3. Impregnation
The resin transfer moulding (RTM) equipment was employed. The stitched preform was
placed into a flat mold warmed up at 40◦C. Shell epoxy resin 828 LV and hardener DX
6514 were used with the mix ratio of 100:17. The resin was injected into the vacuumized
mould under the differential pressure of 2.5 bars. After 20 minutes, when a complete
impregnation was observed through the transparent mould cover, the cure stage was pro-
cessed for 1 hour with the mould temperature of 70◦C. After demoulding, the composite
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Figure 2: Tufting scheme (a) and photos of the tufted preform, B0=7 mm.
plate was post-cured in an air oven at 160◦C for another hour. The final thickness of the
plate was 2.6 mm. Thus, taking the density of carbon of 1800 kg/m3, the average fibre
volume fraction after the RTM injection was estimated to be about 60%.
3. MESO-GEOMETRY OF PREFORM
3.1. Positions of stitching sites
As has been programmed for the KUKA robot, the tufting seams should be straight and
parallel. However, an irregularity of the stitch placement was observed. The main reason
of this effect could be that, although the preform boundary was clamped while stitching,
its interior had some compliance. Then, the yarn was brought into the plies with a certain
force and tension. As a result, after removal of the clamp, the preform became deformed,
and the piercing pattern thus became distorted, even it was perfect at first.
In order to characterize the irregular piercing pattern, the surfaces of the dry preform were
scanned with a resolution of 600 dpi (42.3 µm/pixel). For each stitching case, 200 stitch
points were marked in an image. It was committed to a Matlab applet, which searched
for the marked points and calculated their coordinates. The obtained stitch coordinates
allowed to calculate an “average” (in the least square sense) stitching line. Then, the
applet calculated the lateral fluctuation, δi, of a stitch point and current stitching length,
Bi, between two neighbouring points. The average values and standard deviations, σ,
were assessed finally. The results are listed in Table 1, which reveals a considerable
deviation as from the preset stitching length, B0, as well as from the current one, B¯. The
difference in the values of B¯ at the face- and backside is negligibly small.
3.2. Openings in plies
During the stitching process, the initial fibre placement is distorted in the plies due to
a penetration by the needle and insertion of the yarn. As a result, fiber-free openings
are formed around the trough-the-thickness path of the yarn, Fig. 2. The openings are
naturally oriented along the global fibre orientation in a ply and diamond-shaped in a
general case. If the openings are long enough, and the global fibre orientation coincides
with the stitching machine/cross direction, continuous channels can form in the ply. In
this study, the most of the openings were diamond-shaped, Fig. 2, both for the initial non-
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Table 1: On-surface defects (dry preform). Numerator—face, denominator—backside.
B0, B¯, σB , σδ , l¯, σl, w¯, σw, l¯/w¯ S¯g/S¯c
mm mm mm mm mm mm mm mm ×100%
n/aa 2.7/2.7 0.1/0.1 0.1/0.1 8.5/7.1 1.5/1.3 0.4/0.3 0.1/0.1 21.3/23.7 13/8
3 4.1/4.1 0.2/0.8 0.1/0.3 7.4/8.1 1.4/1.4 1.3/1.2 0.2/0.2 5.7/6.7 39/39
5 5.9/5.9 0.2/0.3 0.2/0.3 7.9/8.5 2.1/1.7 1.4/1.2 0.2/0.3 5.7/7.4 19/17
7 8.3/8.3 0.2/0.4 0.2/0.2 9.4/9.1 1.9/1.7 1.4/1.2 0.2/0.2 6.5/7.5 11/9
a initial openings before the structural stitching, Fig. 1.
structural and subsequent structural stitchings. Due to the irregular piercing pattern, 2–3
neighbouring openings collated sometimes into a longer channel, Fig. 2(b).
We consider only the openings caused by the structural stitching, since the initial ones 1)
have a relatively small width and 2) are randomly distorted by the structural stitching. The
channels are not considered also due to their occasional appearance. The channels and
initial openings can nevertheless be important for an FE modelling of a local failure and
damage criteria. The description of the openings follows the guideline proposed in [2].
3.2.1. surface openings
Fifty on-surface openings were analyzed for every stitching case. The procedure was
quite similar to the one described above in Subsection 3.1. The same scanned images
were processed to mark with lines the opening length, li, and width, wi. Then, the image
was committed into a Matlab applet calculating the lengths of the marked lines. Finally,
the average values (l¯, w¯) and standard deviations (σl, σw) were assessed, Table 1.
The results reveal that the tufting usually produces shorter face openings if compare with
the backside. On the contrary, the average opening width, w¯, is usually larger in the
face ply. However, the difference is comparable with the standard deviation, σl or σw.
The opening length and width have a relatively wide distribution, in comparison with
the non-structural stitching. It is also interesting to note that the growth of the stitching
length, B0, exerts a prominent increase of the opening length but has almost no effect on
its width. The ratio between the average opening length and width, l¯/w¯, increases also
with the stitching length; however, it is not so prominent. For the initial openings in the
virgin NCF, the ratio is much higher than for the “structural” ones. It can be related to a
higher yarn tension and, therefore, compaction of the fibre tows during the non-structural
stitching. Then, a new “structural” opening can not spread far sideways, since it is locked
in the compacted zones between the non-structural stitching sites.
The last column of Table 1 represents the ratio between the average total area of the
openings involved within the unit stitching cell,
S¯g = l¯ · w¯/2, (1)
(assuming the ideal diamond shape) and the average area of the unit cell,
S¯c = B¯ × (distance between seams). (2)
The ratio shows that the openings can occupy up to 40% of the preform surface. Thus, the
average fibre volume fraction is increased in the same extend. This is a non-conservative
estimation, since it does not account for 1) small openings introduced by the non-structural
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Figure 3: Micrograph of out-of-plane section cut through a stitching site (left) and distri-
bution of the average opening width through the preform thickness (right), B0=3 mm.
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broken fibres
Figure 4: Typical micrographs of the inner openings and yarn cross-sections, B0=3 mm.
stitching and 2) gaps between the NCF plies, Subsection 3.3. There is no considerable dif-
ference among the area of openings at the face and backside. It is also prominent that the
ratio is rapidly decreased along with increase of the unit cell area.
3.2.2. inner openings
In order to investigate the preform’s internal structure after the RTM, series of speci-
mens were sectioned and polished to allow for inspection with an optical microscope.
Micrographs of the structural stitching sites are shown in Figs. 3 and 4. A high and non-
uniform deformation of the plies is revealed, especially nearby the yarn loop; this effect
is attributed to a severe perforation with the stitching needle. The stepped variation of the
opening width, Fig. 3, is obviously due to a different density and global fibre orientation
in the plies that results in their varied behaviour under the action of the stitching needle.
The through-the-thickness variation of the opening width is illustrated in Fig. 3 (data is
averaged for 5 stitching sites). As noted above, a prominent difference between the width
in 0◦ (even ply numbers) and ±45◦ (odd numbers) plies is observed. The openings are
larger in the surface plies; this evident fact is due to the geometry of the yarn loop, which
bends at the face and backside and, therefore, pushes away the fibres more than in the
inner plies. It is also worthy to note that the backside shows wider openings here that is in
disagreement with the measurements on the dry preform, Table 1. This discrepancy can
occur during the RTM, when the short yarn loops at the backside, Fig. 2, are pressed into
the preform and thus expand the backside openings. However, a large difference in the
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Figure 5: Micrograph of section cut through a stitching site, B0=3 mm. The gap between
two neighbouring NCF layers (left side) is marked with thin red lines.
number of measurements (50 stitching sites for the dry preform vs. only 5 ones after the
RTM) does not allow to provide a definite answer on this point.
The overall compression of the preform during the RTM explains also a considerable
reduction of the on-surface opening width in comparison with the dry preform, Table 1.
So large drop (2 times) can not be explained with the limited sample and, thus, should be
related to the densification of the fibrous plies in the RTM process.
3.3. Gaps between NCF layers
When laying up the NCFs, the non-structural stitching yarn (rather, its paths occurred
at the fabric surface) prevents a perfect nesting of the layers. As a result, numerous
narrow “gaps” are created between layers with certain periodicity [2]. In the present
study, the gaps are also often observed between ±45◦ plies of the adjacent NCF layers.
The micrograph showing a typical gap near a stitching site is shown in Fig. 5.
4. MICRO-GEOMETRY OF PREFORM
4.1. Fibre distribution in plies
Even in a virgin NCF, the fibre placement is not perfect in the plies, since they are manu-
factured of thick fibrous tows spread as uniformly and unidirectionally as possible. Then,
the needles of a knitting device penetrate the plies to keep them together. This process
increases the non-uniformity creating openings and zones of affected fibre content. While
stitching structurally, the fibres are also pushed aside the needle and then do not recover
the original positions due to the friction and inserted yarn. A breakage and vertical move-
ment (crimpling) of some fibres can also be induced with a relatively thick needle or rough
yarn, Figs. 4 and 5. During the RTM, the fibre distribution is changed again.
Figure 6 (left) shows a typical microscope image of the fibre placement near a stitch site.
It is clearly seen that the local fibre fraction is decreased towards the stitching yarn. The
statistical data (averaged for 5 stitching sites) is obtained taking micrographs, extract-
ing small sub-images along each ply, black & white thresholding, and calculating the
fibre area in a Matlab applet. The results are shown in Figure 6 (right), which illustrates
the fibre volume fraction distribution sideways the stitch channel. A prominent (about
10%) decrease is seen nearby the yarn; this observation is in contrast with the obvious
assumption that the fibres should be densified close to the yarn. Analogously to the inner
openings, this effect is attributed to a perforation with the thick tufting needle disturbing
the tows severely. Also, since the yarn diameter is less than the needle thickness, a gap
6
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Figure 6: Micrograph (left) and statistical data (right) showing distribution of the local
fibrous content near a stitch site, B0=3 mm.
is usually formed between the yarn and the fibrous plies. Then, some fibres move into
the gap thus decreasing the content at their initial positions. However, the distortion is
confined within a small region (≈0.5 mm wide).
4.2. Fibre distribution in yarns
It is a well-known fact that the multifilament yarns have a non-uniform fibre distribu-
tion in the cross-section. The fibre content is usually decreased towards the edge of a
yarn; however, the maximum can be observed somewhere in between the centre and the
edge [7]. If a yarn is composed of several strands twisted together and/or compressed
asymmetrically (as in the present study), the fibre distribution is more complex. Figures 7
and 4 reveal randomized shapes and positions of the strands; often, there is no a distinct
boundary between them. A decrease of the fibre content is also observed towards the yarn
edge; although, the magnitude of this drop varies in different directions.
In order to assess the average fibre volume fraction in the strands, the micrographs of 10
in-plane section cuts were investigated (i.e. 60 strands in total). The procedure was similar
to the one described above in Subsection 4.1. A rectangular sub-image (inscribed into a
strand boundary) was extracted from a micrograph, then committed to a Matlab applet
and converted into black & white format. Finally, the relative fibre area was calculated.
The average fibre content achieved 69%; the standard deviation was of 9%.
5. CONCLUSIONS
The presented experimental study deals with the local imperfections (fiber-free zones,
irregular piercing pattern, etc.) in structurally stitched multilayer NCF carbon-fibre pre-
forms. The tufting technique is examined. The main results can be outlined as
• a statistically significant irregularity of the piercing pattern is observed. Also, the
fibres are considerably deviated from the initial placement in the plies. This devia-
tion appears in the form of openings (fiber-free zones), gaps between NCF layers,
and zones of a reduced fibrous content;
• the geometrical characterization of the openings is performed. They can occupy
up to 40% of the surface plies. The disturbed area is also increased by the initial
openings caused by the non-structural stitching of NCF plies;
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Figure 7: Micrographs of the fibre distribution over the yarn cross-section, B0=3 mm.
• since the openings located in the surface plies are wider than the inner openings, an
outer observation can provide a conservative criteria for a non-destructive inspec-
tion. In the RTM-processed preform, however, the area of an opening is decreased
due to the overall densification of the fibrous plies;
• a significant drop (10%) of the fibre fraction within the plies is measured near the
through-the-thickness paths of the stitching yarn. The yarn itself reveals very ran-
domized cross-sectional shapes and certain deviation of the fibre content;
• the general conclusion is that a non-negligible variability exists in the micro- and
meso-level geometry of the preform. The parameters like a stitching density, thick-
ness of a needle, penetration angle, etc. will greatly influence the local geometry.
The most of the results reported here should thus be treated as a “case study”. Nev-
ertheless, some data (e.g. typical standard deviations) can be used for a preliminary
modelling in a general case, allowing to account for the geometry peculiarities such
as a complex piercing or opening pattern.
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